Introduction
An estimated 350 million individuals worldwide are chronic hepatitis B surface antigen (HBsAg) carriers, mainly infected by vertical transmission of hepatitis B virus (HBV) from mother to neonate [1, 2] . Although HBsAg carriers are at increased risk of developing cirrhosis, hepatic decompensation and hepatocellular carcinoma, most carriers will not develop hepatic complications from chronic hepatitis B during their lifetime. About 60-80 % of HBsAg carriers are characterized with persistently normal alanine transaminase (ALT) levels [1] [2] [3] , and during HBV infection the persistently normal ALT levels are a fundamental character of the immune tolerance phase, inactive HBsAg carrier phase, and resolved hepatitis B phase [1, 3, 4] . However, patients in the inactive HBsAg carrier phase and resolved hepatitis B phase with lower levels of HBsAg or HBsAg loss, respectively [5] [6] [7] [8] , have a better prognosis than patients with active hepatitis characterized by ALT elevation.
Differences in anti-HBV immunity are associated with the prognosis of HBV infection [9] . During chronic liver damage, adaptive immune cells are crucially involved in the pathogenesis of hepatic inflammation; particularly T cells play important Dengming He and Maoshi Li contributed equally to this work.
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The online version of this article (doi:10.1007/s10875-013-9931-0) contains supplementary material, which is available to authorized users. roles in antiviral defense [9] . The activity of T lymphocytes is largely dependent on the differentiation of naïve T cells into Thelper 1 (Th1), Th2, Th9, Th17, and Th22 effector T-cell subsets via the release of cytokines and other cofactors. Inflammatory chemokines can recruit monocytes, neutrophils and other effector cells from the blood to sites of infection or tissue damage. Certain inflammatory chemokines activate immune cells to initiate an immune response or promote wound healing [10] ; they are released by many different cell types and activate cells of both the innate and adaptive immune system. Interactions between cytokines/chemokines and the cellular immune system is a dynamic process [11] . The interactions of positive and negative stimuli, as well as positive and negative regulatory loops are complex and often involve multiple cytokines.
In homeostasis, the liver exerts various metabolic functions and serves as a central "immunological" organ [12] [13] [14] . The pattern of cytokines and chemokine present in serum was linked to HBV viral load and was consistent with the degree of inflammation during chronic hepatitis [9] . To observe the expression pattern of cytokines/chemokines and differences in immunity during different phases of HBV infection with persistently normal ALT levels, a protein array was used to detect 30 cytokines and chemokines associated with cellular immunology, such as T-cell proliferation and activation, antiviral immunity, immunoregulatory activity, inflammatory response, chemotactic activity for lymphocytes and monocytes.
Subjects and Methods

Subjects
HBV carrier subjects in the immune tolerance phase, inactive HBsAg carrier phase, or resolved hepatitis B phase were recruited from the Department of Infectious Diseases, Southwest Hospital, Chongqing, China. For the immune tolerance phase and inactive HBsAg carrier phase, inclusion criteria were as follows: a) a history of being HBsAg positive over 10 years; b) persistently normal ALT levels (upper limit of normal is 30 U/L for men and 19 U/L for women) over 2 years confirmed by monitoring at 3 to 6 months intervals; c) HBV DNA levels over 1×10 6 IU/mL for immune tolerance phase and undetectable for inactive HBsAg carrier phase; d) HBsAg levels less than 250 IU/mL for inactive HBsAg carrier phase.
For the resolved hepatitis B phase, inclusion criteria were as follows: a) anti-HBs, anti-HBe or anti-HBc positive; b) HBsAg negative; c) undetectable serum HBV DNA levels; d) normal ALT levels.
Control subjects were recruited from healthy blood donors. Inclusion criteria were as follows: a) HBsAg, anti-HBs, HBeAg, anti-HBe or anti-HBc negative; b) undetectable serum HBV DNA levels; c) normal ALT levels.
Exclusion criteria were as follows: a) receiving interferon (IFN) or nucleoside analogues antiviral therapy in the last 2 years; b) a history of fever in the past 6 months; c) clinical and/or biochemical signs of chronic active hepatitis (spider angiomas, liver palm, splenomegaly, decreased serum albumin, or portal hypertension); d) co-infection with hepatitis C virus, hepatitis D virus or human immunodeficiency virus; e) coexisting serious medical or psychiatric illness; f) organ or bone marrow transplantation; g) recent treatment with systemic corticosteroids, immunosuppressants, or chemotherapeutic agents; h) a serum alpha-fetoprotein levels over 50 ng/mL.
Written informed consent was obtained from each patient for his or her participation in the study. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the ethics committee of the Southwest Hospital.
Serological Assays
Routine biochemical tests were performed using automated techniques. HBsAg, anti-HBs, HBeAg, anti-HBe, anti-HBc, and alpha-fetoprotein levels were detected by Electrochemiluminescence (Architect, Abbott Laboratories, Abbott Park, IL, USA). Antibodies to hepatitis C virus, hepatitis D virus and human immunodeficiency virus were detected by routine, commercially available enzyme immunoassays (KHB, Shanghai, China). Serum HBV DNA levels were quantified using a commercially available polymerase chain reaction (PCR) assay (LightCycler®480 Real-Time PCR System, Roche, Basel, Switzerland) with a lower limit of quantification of 200 IU/ml.
Serum Samples
Serum samples were obtained by centrifugation of clotted blood at 3,000 rpm for 5 min. Serum samples were immediately stored at −80°C and thawed prior to analysis. 
Cytokines and Chemokines Analyses
Cytokines and chemokines were measured in stored serum using a designed human cytokine antibody array (RayBiotech, Inc, GA, USA) according to the manufacturer's instructions. Images were captured using a laser scanner (Axon GenePix 4000B, Molecular Device, CA, USA) using the "green" channel (excitation frequency=532 nm). The signal intensities obtained from the laser scanner. Locating signal intensities to the antibody array map, mean signal intensities, subtraction of the background, and normalization of data from different samples were achieved by the analysis tool.
Protein-Protein Interactions
Protein-protein interactions were analyzed by STRING (Search Tool for the Retrieval of Interacting Genes/Proteins), a database of known and predicted protein interactions [15] . The pathway was analyzed by KEGG (Kyoto Encyclopedia of Genes and Genomes).
Statistical Analysis
Signal intensities were expressed as mean ± SD (range). Statistical analysis was tested using analysis of variance (ANOVA). All tests for significance and resulting p values were two-sided, with a level of significance of 0.05. The statistical software used for this analysis was SPSS 18.0.
Results
Study Subjects
A total of 40 subjects were studied consisting of 10 subjects of immune tolerance phase (tolerance group), 10 subjects of inactive HBsAg carrier phase (inactive group), 10 subjects of resolved hepatitis B phase (resolved group), and 10 healthy controls (control group). The demographic data and characteristics of HBV infection of the subjects are shown in Table I .
Protein-Protein Interactions
According to KEGG, all 30 cytokines and chemokines were included in the cytokine-cytokine receptor interaction pathway (p=5.449×10 −39 ). In addition, 17 cytokines and eight cytokines chemokines were included in JAK-STAT signaling pathway (p=3.60×10 −18 ) and Toll-like receptor (TLR) signaling pathway (p=1.97×10 −6 ), respectively. Actions of these cytokines and chemokines are shown in Fig. 1 . Of these cytokines and chemokines, there were 234 interactions over medium confidence (0.400), 181 interactions over high confidence (0.700) and 114 interactions over highest confidence (0.900) (Supplementary Table 1 ).
Increased Expression of Cytokines in HBV Infection Groups Compared with Controls
Four typical images of the protein array captured using a laser scanner are shown in Fig. 2 . Among 30 cytokines and chemokines, significant differences of signal intensities among four groups were observed in 13 cytokines, including IL-2 (p=3.25×10 ) (Fig. 3) . The lowest expression of these 13 cytokines was seen in the control group. Significant differences between control and inactive groups were observed in all 13 cytokines. Significant differences between control and tolerance groups was observed in IL-2 (p=0.005) and IL-29 (p=0.028). Significant differences between control and resolved groups was observed for IL-2 (p=0.002), IL-6 (p=0.001), IL-7 (p=0.002), IL-9 (p=4.38×10 ), but not IL-4, IL-15, and IL-21 (Fig. 3) .
Differential Expression of Cytokines in HBV Infection Groups
Among the three HBV infected groups, significant differences were observed in seven cytokines, including IL-2 (p=0.009), IL-4 (p=0.001), IL-12p70 (p=0.001), IL-15 (p=0.003), IL-21 (p = 0.015), IL-23p19 (p = 0.007), and IL-29 (p = 0.038) (Fig. 4 ). Significant differences between the tolerance and inactive groups were observed for all seven cytokines, includ- , and IL-23p19 (p=0.023). Significant differences between the resolved and tolerance groups were only observed for IL-29 (p=0.021). Noticeably, the highest intensities of these seven cytokines were observed in the inactive group.
Protein-Protein Interactions of Cytokines with Significant Differences
All cytokines with significant differences were involved in JAK-STAT signaling (p=5.080×10
−15
). As IL-2, IL-4, IL-15, and IL-21 belong to the common γ receptor chain (γC) family of cytokines, we analyzed the actions of these cytokines and the top ten confidence proteins (Fig. 5a ). This action network acts as to up-regulate FOXP3 expression. IL-12p40, IL12p70, and IL-23p19 are members of the IL-12 family. The actions of IL-12p40, IL-12p70, IL-23p19 and the top ten confidence proteins act to up-regulate the expression of suppressor of cytokine signaling 3 (SOCS3), a member of the STAT-induced STAT inhibitor (Fig. 5b) . The similar upregulating expression of SOCS3 was observed for IL-6 and the top 10 confidence proteins (Fig. 5c) . Furthermore, IL-29 is associated with TLR pathways and acts as an up-regulating interferon-induced GTP-binding protein MX1 in the actions network of IL-29 and the top 10 confidence proteins (Fig. 5d) . 
Discussion
Apart from the immune active phase (chronic hepatitis B), persistently normal ALT levels are a basic feature in HBV infection [3] . The immune response initiated by the T-cell response to viral antigens is thought to be fundamental for viral clearance and disease pathogenesis in HBV infection [16] and the recognition of infected hepatocytes by HBVspecific CD8 cells is assumed to be the central mechanism causing both liver damage and promoting virus control. HBV replication can be inhibited independent of liver damage in the presence of an effective HBV-specific CD8 response [17] . Cytokines and chemokines play a crucial role in initiating, maintaining, and regulating immunological homeostatic and inflammatory processes. Indeed, measuring the cytokine and chemokine profiles in patients provides a useful indication on disease status. Inflammatory responses during liver injury comprise resident and infiltrating immune cells. Noncytolytic intracellular viral inactivation by cytokines released by virus-inactivated lymphomononuclear cells could have an important role in the clearance of HBV without killing infected cells [16] . Therefore, we hypothesized that the expression pattern of serum cytokines and chemokines might be associated with different phases of HBV infection. While several of the cytokines selected are pleiotropic and secreted by both adaptive and innate immune cells, the overall pattern of cytokine production was used to determine the predominant arm of the immune response thought to be activated. Among 13 cytokines with significant differences of expression, IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 belong to γC cytokines, which signal through specific receptor complexes sharing γC. Because of this shared receptor usage, γC cytokines share similar functions while each also possesses unique features. Predominant functions relate to the critical regulation of lymphocyte development, homeostasis, and functions [18] . Both IL-7 and IL-9 showed no significant difference among HBV infection group. The highest expression of IL-2, IL-4, IL-15, and IL-21 were observed in inactive HBsAg carriers. Although sharing common γC, the role of IL-2, IL-4, IL-15, and IL-21 in the regulation of lymphocytes is markedly different. IL-2 is the quintessential growth factor for T cells and theoretically would be ideal for expanding T cells. Besides stimulating effector T cells, IL-2 also mediates the development and homeostasis of Tregs [18] . IL-4 acts as a growth factor for Th2 cells and a co-stimulator of DNA-synthesis and induces the expression of class II MHC molecules on resting Fig. 2 Representative images of the protein array captured using a laser scanner. Control control group; tolerance immune tolerance group; inactive inactive HBsAg carrier; Resolved resolved hepatitis B Fig. 3 Signal intensities of 13 cytokines with significant differences among the tolerance, inactive, resolved, and control groups. Control control group; tolerance immune tolerance group; inactive inactive HBsAg carrier group; Resolved resolved hepatitis B group B-cells [19] [20] [21] . Although sharing many functions with IL-2, IL-15 has distinct functions in vivo. In mouse studies, IL-15 was important for the development and homeostasis of memory CD8 T cells, NK cells, NKT cells, and certain subsets of intestinal CD8 T cells. In a C57BL/6 mouse model, IL-15 suppressed HBV replication in an IFN-β-dependent manner and exerted anti-HBV functions independent of the common IL-2 γ(c) R [22, 23] . IL-21 is primarily produced by CD4 T cells, particularly Th17 CD4 T cells and NKT cells. Its expression is up-regulated upon activation. However, it does not appear to play a major role in the development of immune cells, as IL-21R deficient mice do not display major immune cell deficiencies [24, 25] . High serum IL-21 levels after 12 weeks of antiviral therapy can predict HBeAg seroconversion in chronic hepatitis B [26] . A recent study showed that the γC cytokines IL-2, IL-7, IL-15, and IL-21 but not IL-4 induced Tim-3 expression on naive, effector, and memory subsets of T cells [27] . According to the action network, IL-2, IL-4, IL-15, and IL-21 up-regulate FOXP3 expression, which functions as a master regulator in the development and function of Tregs.
IL-12p40, IL-12p70, and IL-23p19, which showed significant differences, belong to the IL-12 family of heterodimeric cytokines. The p40 chain can pair with p35 or p19 to form IL12p70 or IL-23, which are mainly proinflammatory and prostimulatory cytokines with key roles in the development of the Th1 and Th17 subsets of helper T cells, respectively [28, 29] . Serum levels and hepatic expression of IL-23 were significantly up-regulation in chronic hepatitis B patients and the molecular mechanism for HBV-induced IL-23 expression involved activation of the ERK/NF-κB pathway by HBV x protein [30] . Nevertheless, there was no significant difference in the expression of IFN-γ and IL-17A, the effector cytokines of Th1 and Th17 subsets, respectively. Elevation of IL-12p70 and IL-23p19 in HBV infected patients suggests they might promote Th differentiation rather than a significant difference of Th subsets when ALT levels are persistently normal. IL-6, Fig. 4 Signal intensities of seven cytokines with significant differences among the tolerance, inactive, and resolved groups. Control control group; tolerance immune tolerance group; inactive inactive HBsAg carrier group; Resolved resolved hepatitis B group which has hepatoprotective effects [31] , showed a significant difference between control and HBV infection groups. A recent study demonstrated IL-6 controlled HBV replication at transcription [32] . SOCS3, which has extensive interactions with IL-12p40, IL-12p35, IL-23p19, and IL-6, is a cytokineinducible negative regulator of cytokine signaling and can inhibit the activity of JAK2 kinase. Thus, negative regulation might play an important role in maintaining the stability of HBV infection or normal ALT levels.
IL-29 (IFN-λ1), a cytokine with immunomodulatory activity, may play a role in antiviral immunity and up-regulate MHC class I antigen expression [33, 34] . Although it belongs to the JAK-STAT signaling pathway, IL-29 is linked closely with TLR signaling pathways according to the interaction network and up-regulates MX1 expression, a key component of the antiviral state induced by IFNs, which inhibits HBV replication at a posttranscriptional level [35] [36] [37] . The elevation of IL-29 in the inactive and resolved groups, suggested that IL-29 plays an important role in anti-HBV immunity, especially compared with IFN-γ.
Immune tolerance phase is the first phase of chronic HBV infection, characterized by HBeAg-positive, high serum HBV DNA levels, and normal ALT levels. Compared with controls, significant differences in cytokine expression only were observed for IL-2 and IL-29. Thus, HBV infection during the immune tolerance phase may have little influence on the expression pattern of cytokines. However, this result reflects the key immune role of IL-2 and IL-29 during HBV infection.
Since γC cytokines, IL-12p70, IL-23p19, and IL-29 were elevated in the inactive HBsAg carrier and resolved hepatitis B groups, they may be potential biomarkers to assess immune status and predict clinical outcomes of HBV infection. Higher expression levels are associated with a better prognosis. Robek et al., reported IFN-λ1 and IFN-λ2 inhibited HBV replication [38] . Weekly PEG-IFN-λ treatment with or without daily ribavirin for 4 weeks was well tolerated with minimal adverse events and hematologic effects and was associated with clear antiviral activity across a broad range of doses in patients with chronic hepatitis C virus [39] . Thus, chronic hepatitis B patients with a lower expression of IL-29 should be considered for treatment with IFN-λ1 (IL-29). The currents study has two unique features. First, a protein array with a more accurate reflection of secreted cytokines was used to detect a total of 30 cytokines and chemokines associated with antivirus immunity. Simultaneous detection of cytokine expression by array can avoid the error of multiple detection. Second, more stringent inclusion criteria were adopted, such as upper limits of normal levels for ALT [40] , HBsAg levels for inactive HBsAg carriers, and HBV DNA levels for immune tolerance patients or inactive HBsAg carriers.
Furthermore, patients that were HBeAg-negative, or with detectable HBV DNA levels, or normal ALT levels were not involved. On one hand, this state is not stable. Activation of hepatitis or elevation of ALT may be present in those with detectable HBV DNA levels. However, the majority of these patients require antivirus treatment.
In summary, for HBV infection patients with persistently normal ALT levels, the up-regulation of cytokines in the JAK-STAT signaling pathway was shown to be an important immune characteristic of HBV infection. The elevation of γC cytokines, IL-12p70, IL-23p19, and IL-29 in inactive HBV carriers and resolved hepatitis B subjects suggested that changes in immune effects caused by elevation of these cytokines promoted spontaneous HBeAg seroconversion and HBV clearance.
